The graphene-gold nanoparticles composite film modified glassy carbon electrode (EGAuNPs/GCE) was prepared by one-step coelectrodeposition and employed for determination of trace mercury in environmental water with differential pulse stripping voltammetry. Such a nanostructured composite film combined with the advantages of gold nanoparticles and graphene, can greatly promote the electron-transfer process and increase accumulation ability for Hg(II), leading to a remarkably improved sensitivity. The linear calibration curve ranged from 0.2 µg/L to 30 µg/L for Hg(II) and the detection limit (S/N =3) was found to be 0.03 µg/L at a deposition time of 300 s. Moreover, the stablity of the as-prepared electrode and interferences from other substances were evaluated. The modified electrode was successfully applied to the direct detection of Hg(II) in real water samples.
I. INTRODUCTION
Mercury is considered one of the most hazardous chemical pollutants. Mercury and its compounds, even at quite low concentrations, can accumulate in vital organs and tissues, such as liver, heart muscle and brain, and may cause kidney toxicity, neurological damage, paralysis, chromosome breakage and even death [1] . But unfortunately, mercury is one of the most abundant heavy metals in the environment [2] . It is widely distributed in air, water, soil and rocks. Although the use of mercury is being reduced as soon as possible, still 2000 t of mercury is emitted into environment annually by human activities [3] . Therefore, it is necessary and urgent to develop sensitive analytical methods for quantitative detection of mercury in environmental samples, particularly at trace levels. The techniques have been used for determination of mercury including cold vapor atomic absorption spectrometry (CVAAS) [4, 5] , cold vapor atomic fluorescence spectrometry (CVAFS) [6, 7] , inductively coupled plasma mass spectrometry (ICP-MS) [8, 9] , etc. Although these spectroscopic methods are highly sensitive and accurate, mostly require a tedious sample pretreatment and rather expensive instrumentation, in addition, their availability is limited to laboratory analysis and they are not well suited for in situ measurements. Electrochemical analysis is one of the best methods for detecting mercury owing to low cost, portability, short analysis time, high sensitivity, * Author to whom correspondence should be addressed. E-mail: sgwu@ustc.edu.cn and selectivity.
The most common electroanalytical method for mercury determination is anodic stripping voltammetry (ASV) [10] . Especially, the anodic stripping voltammetry based on gold electrodes has shown its applicability and has even been recommended by the US Environmental Protection Association (EPA) for the quantification of mercury [11] . Gold is an excellent material as a working electrode because it has high affinity for mercury, which enhances the preconcentration effect via amalgam formation [12] . Several types of gold electrodes have been reported for the electrochemical determination of mercury, such as solid gold [10, 13] , gold film [12, 14−16] , and gold microelectrode [17, 18] . However, the major drawback of gold based electrodes is the well-known phenomenon of structural changes on the surface, caused by amalgam formation, so that complex electrochemical and mechanical pretreatments were required to achieve reproducibility [19, 20] . Therefore, it is necessary to further improve electrode. In recent years, metal nanoparticles, especially Au nanoparticles modified electrodes, owing to their unique capabilities, such as high surface-to-volume ratio, increased mass transport, high catalytic efficiency, chemical stability and low detection limit, have emerged as a promising alternative for stripping analysis of Hg(II) [21−23] .
Graphene, a single layer of carbon sheet with a hexagonal arrangement in a two dimensional lattice, has attracted great attention in various fields, such as electronics [24, 25] , supercapacitors [26, 27] , electrochemical sensors [28] , and composite materials [29, 30] since it was discovered in 2004, due to its unique electrical [31−33] , optical [33−35] , and mechanical properties [36−37] . However, graphene sheets tend to form irreversible agglomerates or even restack to form graphite through strong van der Waals interaction and π-π stacking, so its practical applications are challenged. Introducing metal nanoparticles (NPs) was initially proposed in order to separate graphene sheets [38, 39] . The design and synthesis of grapheme-metal nanohybrid assemblies are therefore of great interest for the exploration of their applications. Graphene-metal nanocomposites have typically been prepared by chemical or thermal reduction of mixtures of graphene and metallic precursors [40, 41] . Obviously, these methods involve highly toxic chemicals, high temperature and multiple steps. Liu and coworkers reported the method of one-step coelectrodeposition of graphene-metal composite films. The resulting composite films exhibit layered nanostructures consisting of alternating layers of metal NPs and graphene sheets [42] . The metal NPs intercalation between graphene sheets prevents graphene agglomeration and improves the conductivity of the graphene film.
Gong and coworkers have reported the use of graphene-gold nanoparticle modified electrode on determination of Hg(II) [43] , and demonstrated a new highly sensitive and selective Hg(II) sensor, constructed by homogenously distributing monodispersed Au nanoparticles onto the two-dimensional graphene nanosheet matrix. The detection limit was 6 ppt (S/N =3), much below the guideline value from the World Health Organization (WHO), but the electrode preparation process is complex and time-consuming.
Herein, the one-step coelectrodeposition of graphenegold nanoparticle composite film modified electrode (EG-AuNPs/GCE) was proposed. This method is simple, fast, and the as-prepared modified electrode was robust, stable and sensitive. Such a nanostructured composite film combined with the advantages of gold nanoparticles (AuNPs) and graphene, offered a remarkably improved sensitivity and selectivity, and exhibited good performance for detection of Hg(II) in practical water samples.
II. EXPERIMENTS A. Apparatus
The image of scanning electron microscope (SEM) was obtained at JEOI JSM-6700F (JEOI, Japan). The control experiments were performed on a AFS-230 cold vapor atomic fluorescence spectrometry (Beijing Sea-ray, China). Electrochemical impedance spectrum (EIS) was measured at LK2010 electrochemical workstation (LANLIKE Co. Ltd, China) and other electrochemical measurements were performed on a LK98BII electrochemical workstation (LANLIKE Co. Ltd., China) with a conventional three-electrode system comprising a platinum wire as the auxiliary electrode, a saturated calomel electrode (SCE) as the reference and a bare or modified glassy carbon electrode (3 mm in diameter) as the working electrode. Cyclic voltammetry was used to prepare the modified electrodes. Differential pulse anodic stripping voltammetry (DPASV) was employed for determination of trace amount of mercury.
B. Chemicals
Mercury bromide (HgBr 2 ), chloroauric acid (HAuCl 4 ·3H 2 O), acetic acid (HAc), sodium acetate (NaAc), nitric acid (HNO 3 ), sodium carbonate (NaCO 3 ), sodium bicarbonate (NaHCO 3 ) were purchased from Sinopharm (Shanghai, China). The Hg(II) working solutions were obtained by diluting the standard stock solutions (1000 mg/L). 0.1 mol/L acetate buffer (pH=4.4) was used as supporting electrolyte. Oxidized graphite (GO) was first synthesized from natural graphite powder by the modified Hummers' method [44−46] and then exfoliated in NaCO 3 -NaHCO 3 buffer solution (pH=9.0) to prepare suspensions with GO concentration of 1.0 mg/mL by ultrasonication. All other chemicals are of analytical grade and used without further purification. Deionized water was used throughout. All experiments were carried out at ambient temperature.
C. Electrode preparation
Before use, the bare GCE was polished to a mirrorlike surface using 0.3 and 0.05 µm alumina slurries in sequence. Then the electrode was successively ultrasonicated in 1:1 HNO 3 , ethanol, and deionized water for 5 min, respectively, in order to remove any adsorbed substances on the electrode surface. Finally, it was dried under nitrogen atmosphere ready for use. The EG-AuNPs/GCE was prepared by cyclic potential scanning from −1.5 V to 0.5 V in NaCO 3 -NaHCO 3 buffer solution (pH=9.00) containing 1.0 mg/mL GO and 0.2 mmol/L HAuCl 4 ·3H 2 O at the scan rate of 25 mV/s for 15 cycles. After modification, the electrode was thoroughly rinsed with deionized water and kept at room temperature for further use. For comparison, electrodeposition graphene modified glassy carbon electrode (EG/GCE) and AuNPs modified glassy carbon electrode (AuNPs/GCE) were also fabricated similarly.
D. Sample preparation
Three real water samples were collected from glasses lake in USTC, daoxianglou river and xiaoyaojin river, respectively (Hefei, China), treated through a standard 0.45 µm filter and adjusted to pH=4. 4 water samples were spiked with Hg(II) at different concentration levels, and then analyzed with the proposed method.
III. RESULTS AND DISCUSSION

A. Preparation of EG-AuNPs/GCE
The typical cyclic voltammograms (CVs) of coelectrodeposition of graphene and AuNPs on a glassy carbon electrode are shown in Fig.1 , where one anodic peak (I) and two cathodic peaks (II and III) were observed. The cathodic current peak III is attributed to the irreversible electrochemical reduction of GO and cathodic peak II is the reduction of AuCl 4 −1 and some oxygencontaining groups on the graphene plane. The anodic peak I is ascribed to the oxidation of some oxygencontaining groups of grapheme. The persistent increase of the peak currents with successive potential scanning indicated that the deposition of conducting graphene and AuNPs onto the electrode directly from GO and HAuCl 4 dispersion solution was formed.
The potential scan cycles for preparation of EGAuNPs/GCE have effects on the stripping peak currents of Hg(II) (Fig.S1(a) in supplementary material) . It can be seen that the stripping peak currents of Hg(II) at EG-AuNPs/GCE increased with the scan cycles from 5 cycles to 15 cycles, and stabilized as the scan cycles exceeded 15 cycles. Therefore, the electrodeposition process for preparation of EG-AuNPs composite film modified electrode was carried out with 15 cyclic scans. The concentration of HAuCl 4 in plating solution exhibited a significant effect on the electrochemical behavior of the EG-AuNPs modified GCE (Fig.S1(b) in supplementary material). With the concentration of HAuCl 4 increasing up to 0.2 mmol/L, the stripping peak currents increased, indicating finer AuNPs and higher coverage were obtained. While the HAuCl 4 concentration 
FIG. 2 Typical SEM images of (a) EG/GCE, (b) AuNPs/GCE, (c) and EG-AuNPs/GCE.
was further increased, the larger AuNPs would be generated, even coalesced and finally aggregated, resulting in the stripping peak currents decreasing. Therefore the optimal concentration of HAuCl 4 was chosen as 0.2 mmol/L.
B. Characterization of the modified electrode
The SEM image of the EG film in Fig.2 (a) revealed a wrinkled texture, from which we can see that graphene suffered irreversible agglomeration. The surface characteristics of gold nanoparticles immobilized on glassy carbon electrode is shown in Fig.2(b) . The gold nanoparticles present an average diameter of 50 nm. They appear as similar size spheres homogeneously distributed on the glassy carbon electrode. In the EG-AuNPs composite film, Au particles with a diameter of 35 nm were clearly observed to be distributed in the thin and transparent graphene sheets, indicating that Au nanoparticles can separate graphene sheets.
The electrochemical impedance spectra (EIS) of different electrodes are shown in Fig.3 charge transfer resistance (R ct ), with the modification of graphene or AuNPs onto GCE, the diameter of the semicircle is much smaller than that of bare GCE, which suggests that graphene or AuNPs greatly improved the electroactivity of the modified electrodes. Meanwhile, compared with AuNPs/GCE and EG/GCE, the R ct of EG-AuNPs/GCE was remarkably decreased, indicating that the coelectrodeposited graphene-AuNPs composite film takes the advantages of gold nanoparticles and graphene and further facilitates heterogeneous electron transfer process. This demonstrates that the electroactivity of EG-AuNPs/GCE is higher than that of GCE, AuNPs/GCE, and EG/GCE.
C. Analytical performance of the EG-AuNPs modified electrode
The stripping voltammograms of 10 µg/L Hg(II) at bare GCE, AuNPs/GCE, EG/GCE, and EGAuNPs/GCE are shown in Fig.4 .
As shown in Fig.4 , there were not distinct stripping peaks of Hg(II) observed at bare GCE and EG/GCE, while the stripping signals of target metal at AuNPs/GCE and EG-AuNPs/GCE were very obvious. Compared with AuNPs/GCE, the stripping peak current at EGAuNPs/GCE was improved about 170%, which is attributed to the unique with-filling matrix of the graphene-AuNPs nanostructure.
The effect of buffer solution pH on the stripping peak currents of Hg(II) at EG-AuNPs/GCE is depicted in Fig.5(a) . It can be seen that the current responses of the modified electrode increased with the change from pH=4.1 to pH=4.4, and then decreased when pH changes from 4.4 to 4.7. Thus, the proper pH range is from 4.3 to 4.5. Herein, pH=4.4 was chosen as the acidity of working solutions.
The effect of deposition potential on the stripping peak currents of Hg(II) was studied in the potential range from −1.0 V to 0 V, and the results were shown in Fig.5(b) . The stripping peak current of Hg(II) increased as the potential became more negative from 0 to −1.0 V. In order to avoid the interference of other metal ions, the deposition potential of −0.4 V was used in further researches.
The effect of deposition time on the stripping peak currents of Hg(II) was tested. As shown in Fig.5(c) , the responses of the EG-AuNPs/GCE increased with increasing the deposition time. Considering the suitable sensitivity and the running time, the deposition time of 120 s was selected for the solutions with higher Hg(II) concentrations and 300 s was selected for the solutions with lower Hg(II) concentrations.
Under the optimal conditions, the EG-AuNPs/GCE was applied for the successive determination of Hg(II) by DPASV. As illustrated in Fig.6 , the calibration curves for Hg(II) covered two linear ranges, 0.2−5.0 µg/L (300 s deposition time) and 5.0−30 µg/L (120 s deposition time), respectively. The linear equations were: i p =0.04586+5.325c and i p =2.278+1.852c, with both correlation coefficients of 0.9995. The limit of detection, calculated at a signal-to-noise ratio of 3 with a preconcentration time of 300 s, was 0.030 µg/L. The results demonstrate that the proposed EG-AuNPs/GCE is sensitive for detection of Hg(II) at trace levels, which is expected to be used for analysis of real samples.
D. Selectivity and stability of EG-AuNPs modified electrode
The possible interferents which are commonly present in real water samples, were added to evaluate the selectivity of the EG-AuNPs/GCE for detection of Hg(II). Table I Fig.S2 (in supplementary  material) . In addition, CTAB interfered on the determination of Hg(II) due to its strong adsorption on the electrode surface. However, experimental results showed that the interferences of Cu(II), Sb(III), and CTAB could be avoided by standard addition method. As shown in the analysis of real water samples, the modified electrode is highly selective for the determination of Hg(II) in the presence of different substances.
A relative standard deviation (RSD) of 6.7% was obtained from 100 continuous measurements of 10 µg/L Hg(II) solution, indicating that the as-prepared modified electrodes were of high stability. and 0.019±0.02 µg/L, respectively, which are in good agreement with the results obtained using AFS as the reference technique (Table II) . Besides, good recoveries were obtained 95% to 105%, indicating that the proposed method was highly accurate, precise and reproducible. It can be used for direct analysis of real environmental water samples.
IV. CONCLUSION
In summary, a new type of graphene-Au nanoparticles composite film modified electrode was fabricated by one-step coelectrodeposition. The as-prepared modified electrode possesses both behaviors of graphene and Au-nanoparticles. Such a nanostructured composite film could effectively increase the active surface of the electrode and greatly facilitate the electron-transfer processes, leading to remarkably improved sensitivity and selectivity. In addition, the EG-AuNPs/GCE demonstrated high stability and anti-interference capability for determination of mercury. Furthermore, the developed modified electrode has been successfully applied to detect trace amount of Hg(II) in real water samples by differential pulse anodic stripping voltammetry.
Therefore, the graphene-Au nanoparticles composite film modified electrode is promising to be used in analysis of heavy metals in environmental waters.
Supplementary material: The effects of potential scan cycles for preparation of EG-AuNPs/GCE on the stripping peak currents of Hg(II) and the concentration of HAuCl 4 in plating solution on the electrochemical behavior of the EG-AuNPs modified GCE are shown in Fig.S1 . The stripping voltammograms of Hg(II), Cu(II), and Sb(III) is shown in Fig.S2 .
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